Abstract: Statistical analysis of protein-protein interfaces in a database of pure peptide crystals shows that the distribution of the contact area contains two components: a major exponential distribution and a minor flat distribution. Analysis of two sub-databases provides evidence that the two components represent specific and non-specific contacts, respectively. The probability of an interface with a given area being specific can be estimated. A scaled quantity (contact ratio) is introduced that is more useful than contact area for discriminating specific and non-specific contacts in protein crystals.
INTRODUCTION
Protein-protein interaction is essential for subsequent biological function. The large number of crystal structures in Brookhaven Protein Data Bank (PDB) [17] provides abundant information regarding molecular interaction. Many researchers have studied interfaces in protein crystals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and much effort has been expended to developing new methods to discriminate between crystal packing and a functional protein-protein interaction. This is difficult because packing contacts make use of the same forces that govern specific recognition in protein-protein complexes and oligomeric proteins.
Contact area has been commonly used to help crystallographers to classify the found proteinprotein interactions into either crystal packing or a likely quaternary biological assembly. A contact area cut-off of 4 nm 2 [16] was proposed in 1998 and later improved to 8 nm 2 in 2000 [13] . Obviously, the calculated "best" standard would change with the database selected, and also it was just an empirical value.
Instead of searching for the "best" standard, it is more meaningful to propose and answer following question: "What is the probability for a given area interface to be specific?"
After analysing 152 monomeric protein crystals, Janin [12] found that contact areas reveal an exponential distribution. He also gave an equation to estimate the probability of a given area interface being non-specific. In this work, we analyzed 1,817 pure peptide crystals and found that there was deviation of the experimental distribution from an exponential character. The deviation was not pronounced but was quite persistent. In addition, the feasibility of assessing specificity via "contact ratio", instead of "contact area", was also discussed.
MATERIALS AND METHODS
Non-redundant 1,817 crystal structure data were selected from Protein Data Bank (PDB) [17] in August 2003. All these data met the following criteria: each was determined by X-ray diffraction method with a resolution better than 2.5Å; did not containing non-polypeptide compositions such as nucleic acid, small organic molecule, metal ion, etc; and did not contain polypeptide chains with homology exceeding 70 and with length less than 20 residues. The data set with the best resolution was selected as representative of existing isomorphous crystals.
Molecule surface area was calculated by SURFACE program [18] . Contact area of two molecules is the area of the protein surface that becomes buried in contacts between molecules. Only non-symmetrical relevant contacts were considered. We introduced another quantity, "contact ratio", to measure the extent of a contact. Contact ratio is evaluated as the contact area divided by the smaller surface area of the two partners.
RESULTS
Altogether 16,455 non-symmetrical relevant interfaces were generated. Statistical distributions of contact area and contact ratio are shown with dotted curves in the left bottom of Figure 1 . Experimental data is fitted by exponential function. The expression equation of exponential function is as follows:
where s is contact area (or contact ratio), parameters a and b are needed to determine. The corresponding fitting curves are showed with thin lines. Parameter values of fitting lines are listed in Table 1 . From the figure, one can find that the experimental distribution of contact area fits with the exponential curve much better than that found in a much smaller database [12] , especially in lower contact area range. The exponential distribution of contact area does reflect the apparent randomness in the process of crystal packing. But, if checked in detail, mismatches are obvious with the increasing of contact area. The deviation is more readily found in the case of contact ratio. We suggest that there exists another minor and flat distribution in addition to the major exponential one. If the exponential distribution represents the crystal contacts, then the minor and flat distribution represent the biologically meaningful specific contacts. The relative abundance of the two component distributions in the composite distribution can be estimated by b/a and 1-b/a respectively ( Table 1 ).
Figure 1.
Histogram of contact area (and contact ratio) found in protein crystals. Thin lines are the fitted exponential curves. The probability of a contact with an area (or contact ratio) larger than s, C(s), are shown at top-right.
To check these estimations and ascertain the suggestion that the major exponential distribution represent the crystal contacts and the minor flat distribution represent the specific contacts, the whole database was divided into two sub-databases: sub-database A and sub-database B. Those crystals containing heterologous polypeptide chains are included in sub-database A. All other crystals are in subdatabase B. It may be argued that when two heterologous polypeptide chains can co-crystallize into one single crystal, specific contacts should exist between them. Consequently, there should be more specific contacts in sub-database A and less specific contacts in sub-database B compared with those in the whole database. Statistical analysis of the two sub-databases supports this conclusion. Regardless of whether judged by contact area or contact ratio, the components of specific contacts (measured by 1-b/a) in the three databases have the following order: Database A > whole database > database B ( Table 1) . This analysis supports the hypothesis that the exponential distribution comes from crystal contacts and the flat distribution comes from specific contacts.
Because of the relatively small amount of specific contacts, it is difficult to fit the flat distribution alone with some theoretical curve. But the postulated minor distribution can be expressed as Pe(s)-P(s), where Pe(s) represents for experimental distribution. Then
is the probability of finding an interface with contact area (or contact ratio) larger than s being specific.
Values of C(s) are showed in Figure1 top-right. Judging by the slope of C(s) curves, the minor distribution peaks at about 18 nm 2 for contact area (or 0.16 for contact ratio).
DISCUSSION AND CONCLUSIONS
There are three types of specific interaction in crystals. The first two types are well known and easily understood. They exist in specific complexes and oligomeric proteins respectively. The third type of specific interaction refers to those between subunits of "crystal oligomer". "Crystal oligomers" differ from true oligomeric proteins. They can only exist in the special environment of crystals. But in recent years, increasing experimental evidence supports the view that "crystal oligomers" can occur in precrystallization solution and are likely intermediates in crystallizations. This suggests that there is a degree of specificity in that particular contact.
A previous study by Janin [12] used a crystal database that consisted of only monomeric proteins.
Specific interfaces in that dataset are those between subunits of "crystal oligomer". So there were only very few examples of specific interfaces. Compared to the monomeric proteins database, the pure peptide database in this work includes all types of specific interfaces. The greater amount of specific interfaces (about 10% of whole interfaces) provided the opportunity to find out the deviation of the experimental distribution from an exponential character. This suggests that specific interactions do not fit to exponential distribution. In the other hand, it is more reasonable to judge the probability of an interface to be specific with this dataset. For a given contact area (or contact ratio) s, C(s) is the probability that an interface with contact area (or contact ratio) larger than s and be specific. For an interface larger than 18nm 2 or 0.16 contact ratio, the chance to be specific is larger than 50%.
The introduction of "contact ratio" is based on observations on how proteins aggregate. Not all aggregates are formed through monomer-monomer interfaces. Larger aggregates are often formed through interfaces between smaller aggregates. For large aggregates, there is more chance to form large interfaces between them just by randomness. Therefore it is not enough using only contact areas to judge whether smaller aggregates can assemble into large aggregates. A scaled quantity independent of the size of an aggregate is needed. The statistical behaviors of the newly introduce quantity is roughly the same with that of contact area (Figure 1) , except that the component of specific contacts is a little more when judged by this new quantity than that judged by contact area ( Table 1) .
Contact ratio is a more reasonable quantity because it is more closely related with the specificity of a contact. Generally, individual amino acids or short peptides consisting of a few residues added in crystallization solutions are difficult to be found in electronic density maps. But, once found, they must bind with proteins specifically. Because of their small sizes, they can only produce small interfaces with proteins (less than 4 nm 2 ). This kind of binding is unlikely to be specific if using "contact area" as measurement. But they all have "contact ratio" higher than 0.5. As such, it is easy to understand that "contact ratio" is more directly related with specificity in the case of small peptides binding with large peptides.
In another case, when both partner proteins are large, "contact ratio" still has an advantage over contact areas for judging contact specificity. We examined the crystal packing of 30 crystals; in each of these crystals all polypeptides are longer than 400 residues. The largest contact area in each of these crystals is in the range of 8~25 nm 2 , while the largest "contact ratio" is less than 0.1. A slapdash conclusion from a glance at these contact area values is that all these interfaces are very likely to be specific. But, as a matter of fact, they lead to infinite assemblies in 25 out of the 30 crystals. Because proteins in these crystals have no functions like that of microtubules, these infinite assemblies should have no biological meaning.
Therefore, in the 30 crystals only a very small number of contacts might be specific. The conclusion is that "contact ratio" is more reliable than "contact area" even for large proteins.
In the region where the two distributions overlap, it is difficult to judge whether an interface is specific or not only by contact area or contact ratio. Moreover, to a large extent, based on our present knowledge it is still a subjective matter to assess whether an interface is biologically relevant. For instance, a crystal of pancreases ribonuclease contains a dimer-like interface with contact area of 18 nm 2 . The dimerlike interface was considered as an artifact [3] of crystal packing because it happened to cover the catalytic site of the enzyme. But it is possible, as our biological chemistry knowledge on cells increases, to find that the dimer-like interface regulates the enzyme activity: when the ribonucleases are over-expressed, they cover their catalytic site to decrease activity. After all, evolution does not always tend to increase binding force. Cells require proteins to aggregate or disaggregate at the right time. In such a case, it is necessary to consider more factors for reference, such as symmetry rules governing interfaces in crystals, physical chemistry properties of interface, frequencies of an interface happening in different crystals, evolutional conservation of interface, etc. Further work will clarify the distribution of interfaces in crystals.
